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ReconstitutionKEA genes encode putative K+ efﬂux antiporters that are predominantly found in algae and plants but are
rare in metazoa; however, nothing is known about their functions in eukaryotic cells. Plant KEA proteins
show homology to bacterial K+ efﬂux (Kef) transporters, though two members in the Arabidopsis thaliana
family, AtKEA1 and AtKEA2, have acquired an extra hydrophilic domain of over 500 residues at the amino ter-
minus. We show that AtKEA2 is highly expressed in leaves, stems and ﬂowers, but not in roots, and that an
N-terminal peptide of the protein is targeted to chloroplasts in Arabidopsis cotyledons. The full-length
AtKEA2 protein was inactive when expressed in yeast; however, a truncated AtKEA2 protein (AtsKEA2) lac-
king the N-terminal domain complemented disruption of the Na+(K+)/H+ antiporter Nhx1p to confer
hygromycin resistance and tolerance to Na+ or K+ stress. To test transport activity, puriﬁed truncated
AtKEA2 was reconstituted in proteoliposomes containing the ﬂuorescent probe pyranine. Monovalent cations
reduced an imposed pH gradient (acid inside) indicating AtsKEA2 mediated cation/H+ exchange with pref-
erence for K+=Cs+>Li+>Na+. When a conserved Asp721 in transmembrane helix 6 that aligns to the cat-
ion binding Asp164 of Escherichia coli NhaA was replaced with Ala, AtsKEA2 was completely inactivated.
Mutation of a Glu835 between transmembrane helix 8 and 9 in AtsKEA2 also resulted in loss of activity suggesting
this region has a regulatory role. Thus, AtKEA2 represents the founding member of a novel group of eukaryote
K+/H+ antiporters that modulate monovalent cation and pH homeostasis in plant chloroplasts or plastids.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
An essential feature of all organisms is the ability to regulate inter-
nal ion concentrations and pH in response to changing environmental
conditions or during development. Prokaryotes rely on a diverse array
of transporter proteins at the plasma membrane to accomplish these
tasks. The development of intracellular membrane systems and com-
partments has led to a considerable increase in the number of ion
transporters in eukaryote cells [1,2]. As a result, plants contain a
large number of sequences encoding proteins that share homology
to monovalent cation/proton antiporters (CPAs) [2]. The CPA super-
family can be subdivided into the CPA1 family and the CPA2 family.ología Celular y Molecular de
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and are ubiquitous in animals, plants and fungi. In plants, it comprises
the intracellular NHX and plasma membrane SOS1-like antiporters
[3]. Plant NHX and SOS antiporters have been shown to be important
for pH and cation homeostasis and are involved in extrusion of Na+
from the cells, the accumulation of Na+ and K+ in vacuoles or regula-
tion of pH and ionic composition in endosomal compartments [4-7].
The CPA2 family includes genes encoding plant CHX and KEA
transporters. These sequences share high homology especially to bac-
terial antiporters, but are rare in fungi or animals [3,8]. The number of
CHX genes has increased dramatically from Charophyte alga to
ﬂowering plants. Their abundant expression in the male gametophyte
as well as the roles determined so far in guard cell movement
(AtCHX20) or pollen tube guidance (AtCHX21/23) indicate that CHX
genes are required for reproductive and vegetative processes related
to survival on land [3,9,10]. CHX genes were also suggested to play
a role in salt resistance or potassium nutrition [11–13]. The intracellu-
lar isoforms AtCHX16–20 complement disruption of homologous
yeast transporter Kha1p and restore tolerance to basic pH at low
K+ concentration, suggesting a role in pH homeostasis [14,15]. pH
regulation in endomembrane compartments by CHX17 and CHX20
was suggested to be related to membrane trafﬁcking and sorting of
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that CHX proteins mediate monovalent cation transport with prefer-
ence for K+, though their activities depend on different pH's [13,15].
In contrast to the multiplicity of CHX genes, KEA genes have
remained relatively constant at three to seven genes from single-
celled algae to ﬂowering plants. This observation indicates that KEA
transporters play conserved roles in cellular processes speciﬁc to
plants ranging from Chlamydomonas to poplar trees [3]. So far, no in-
formation is available about the role and functions of plant KEA trans-
porters. KEA proteins constitute an ancient group of transporters with
homology to bacterial transporters that harbour a C-terminal KTN do-
main. The presence of a C-terminal KTN domain is a feature shared by
many bacterial potassium channels and transporters, like Kch, TrkA,
Ybal and KefB or KefC [16]. The Arabidopsis KEA proteins can be divid-
ed into two separate groups, KEA1–3 and KEA4–6, each with distinct
bacterial homologs [3].
AtKEA1–3 proteins are closely related to the bacterial glutathione-
regulated K+ efﬂux transporters KefB and KefC, that are important for
bacterial survival during exposure to toxic metabolites [17]. Electro-
philes react with glutathione to form glutathione adducts, thereby re-
leasing KefC and KefB from inhibition by GSH, thus eliciting K+ efﬂux
and H+ uptake. Apart from the presence of the regulatory KTN do-
main, these bacterial proteins are further activated by the binding of
ancillary proteins KefF and KefG [18]. Binding of KefF and GSH was
shown to induce conformational changes in KefC KTN dimers that af-
fect antiporter activity [19-21]. The bacterial KefC protein was origi-
nally proposed to function as a K+ channel, but recent studies
indicate a K+/H+ antiporter mode of action [22].
KEA4–6 proteins from Arabidopsis thaliana form a separate group
relatively distant to the KEA1–3 group [3]. AtKEA4–6 proteins share
high homology to cyanobacterial sequences but have lost the C-terminal
KTN domain, similar to the related TMCO3 proteins from metazoa [3].
To date, none of the KEA or KefC-like genes from eukaryotes has been
functionally characterized.
In this paper, we provide the ﬁrst functional study of a KEA protein
from plants. AtKEA2 shows high expression levels in aerial parts and
the N-terminus is targeted to chloroplasts. As the N-terminal domain
of AtKEA2 protein was highly toxic when expressed in bacteria, we
tested a truncated AtKEA2 that consisted of a conserved transmem-
brane Na–H domain and KTN domain similar in size to Escherichia
coli KefC. We show by heterologous complementation that the short
AtsKEA2 complements sensitivity to hygromycin and high K+ or
Na+ concentrations caused by disruption of ScNHX1 in yeast. When
wild-type AtsKEA2 was puriﬁed and reconstituted in lipososmes, we
demonstrated electroneutral cation/H+ antiport activity, whereas
protein mutated in two acidic residues within transmembrane span
6 or in a putative regulatory loop close to transmembrane span 9
had no activity. These results demonstrate that AtKEA2 encodes a cat-
ion/proton exchanger with preference for K+.
2. Material and methods
2.1. Yeast strains and growth Conditions
All Saccharomyces cerevisiae strains used were derivatives of W303-
1B (Matα leu2-13 112, ura3-1, trp1-1, his3-11 15, ade2-1, can1-100).
Strains WX1 (nhx1Δ::TRP1), ANT3 (ena1-4Δ::HIS3, nha1Δ::LEU2) and
AXT3 (ena1-4Δ::HIS3, nha1Δ::LEU2, nhx1Δ::TRP1) were gifts from
Drs. F.J. Quintero and J.M. Pardo (IRNA-CSIC, Sevilla, Spain). A Kha1 dis-
ruption was made in strain AXT3 as described in Maresova et al. [23],
giving rise to strain AXT4K (ena1-4Δ::HIS3, nha1Δ::LEU2, nhx1Δ::
TRP1, kha1Δ::KanMX6). The strain OC05 (nhx1Δ::HIS3, vnx1Δ::
KanMX6, vcx1Δ::HphNT1) was used for transport experiments as de-
scribed in Cagnac et al. [24]. Cells were grown at 30 °C in YPD (1%
yeast extract, 2% peptone, 2% glucose), APD (10 mM arginine, 8 mM
H3PO4, 2% glucose, 2 mM MgSO4, 1 mM KCl, 0.2 mM CaCl2, traceminerals and vitamins) [25] or SD medium (2% glucose, 0,7% yeast ni-
trogen base without amino acids (Difco), 50 mM succinic acid–Tris pH
5,5) with the required amino acids and supplements as indicated. For
induction of antiporter expression in cells carrying plasmids with anti-
porter genes under control of theGAL1 promoter, glucose (2%)was rep-
laced by galactose (2%) in the growth media.
2.2. Growth test
For growth assays, a preculture was made by growing the strains
for 1 day in selective SD medium to an optical density (A660 nm) of ap-
proximately 1. Next, the cultures were diluted 1/6 with the same me-
diumwithout glucose and grown for 18 h at 30 °C. The preculture was
washed twice in sterile water, and all cell suspensions were adjusted
to an optical density of 0.2, after which 5 μl of serial tenfold dilutions
were spotted on YPD or APD plates supplemented with salts or
hygromycin B. Yeast strains were transformed using the standard
lithium acetate method [26].
2.3. Cloning of AtKEA2
The AtKEA2 gene was originally annotated to correspond to locus
At4g00630 (old gene accession: AAC13638.1). We obtained cDNA for
this gene from the laboratory of Dr. J.M. Ward (University of Minnesota).
The cDNAwas sequenced and transferred by PCR andTOPO cloning to the
pENTR /SD/D-TOPO vector (Invitrogen), using forward primer 5'-CACCA-
TGTTCCCTCAGCAAGAGGT -3' and reverse primers 5'-GATAGCGAGTGTG-
CCTTCAAT‐3' (no stop codon) or 5'-TTAGATAGCGAGTGTGCCTTCAAT-3'
(with stop codon). The short AtKEA2 sequence (AtsKEA2), corresponding
to AAC13638.1, was transferred by LR recombination to vector pYES-
DEST52 (Invitrogen). The full-length AtKEA2 genewas obtained using ho-
mologous recombination in yeast as described by Fusco et al. [27]. The
missing part of the gene, corresponding to locus At4g00640 (old gene ac-
cession: AAC13619.1) of theAAC13638.1 genewas ampliﬁed by PCR from
Arabidopsis cDNA using forward primer 5'-AGCTATCAAACAAGTTTGTAC-
AAAAAAGCAGGCTCCGCGGCC GCCCCCTTCATGGATTTTGCGTCTAGCG-3'
and reverse primer 5'-GTAACACGACCACAGCCA-3'. The PCR product and
the pYES-AtsKEA2 linearized by NotI and HindIII were used to transform
the yeast strain BYa by standard LiAc transformation [26]. Yeast was
grown for 2–3 days on SC medium without uracil. The correct insertion
of the PCR product in the pYES-AtsKEA2was ﬁrst checked by PCR on col-
onies using the above primers. Plasmids from independent positive colo-
nies were extracted and sequenced as described by Singh et al. [28].
2.4. Determination of the expression proﬁle for AtKEA2 in Arabidopsis
Total RNA from 30‐day-old plants was isolated with TriReagent
according to manufacturer's speciﬁcations (Sigma). cDNA was then
synthesized from1 μg of total RNA using the ﬁrst strand cDNA synthesis
kit (Roche Applied Science). RT-PCRwas performed as described previ-
ously by Leterrier et al. [29]. The KEA2 gene was ampliﬁed using for-
ward primer 5'-ATGTTCCCTCAGCAAGAGGT-3' and reverse primer 5'-
GTAACACGACCACAGCCA-3', which ampliﬁes a 500‐bp fragment of
cDNA or a >1500‐bp fragment of genomic DNA. As a control ACTIN 2
was ampliﬁed using forward primer 5'-CGGTATTGTGCTGGATTCTG-3'
and reverse primer 5'-ATCTCCTGCTCGTAGTCAAC-3'.
2.5. Determination of the subcellular localization of AtKEA2
The ﬁrst 300 bp of the AtKEA2 coding sequence was ampliﬁed by
PCR using forward primer 5'-CACCATGGATTTTGCGTCTAGCG-3' and
reverse primer 5'-ACTTTGACAAAGTAACCTAAACC-3' and then cloned
in vector pENTR-SD-TOPO. The 300‐bp fragment was introduced via
LR reaction into the binary vector pB7FWG2 fused to the eGFP coding
sequence [30]. Transient expression of KEA2-eGFP in Arabidopsis
seedlings was performed as described by Li et al. [31]. Five‐day-old
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containing 0.25× MS, 1% sucrose, 100 μM acetosyringone, 0.005%
Silwet L-77 and GV3101 A. tumefaciens cells transformed with the
pB7FWG2 plasmid. Cocultivation was carried out in darkness at
22 °C for 40 h. Prior to ﬂuorescence microscopy seedlings were
washed in 20 ml of medium containing 0.25× MS with 1% sucrose.
2.6. Site‐directed mutagenesis
The single point mutants AtsKEA2-D721A and AtsKEA2-E835K were
generated using the Quick Change® II site-directed mutagenesis kit
(Stratagene) according tomodiﬁcations described byWang andMalcolm
[32]. The complementary primers used to create AtsKEA2-D721Awere as
follows: AtsKEA2-D721A-For (5'-CGGTCTTGCTTTTTCAAGCTTTGGCTGTG-
GTCGTGT TAC-3'), AtsKEA2-D721A-Rev (5'-GTAACACGACCACAGCCAAA-
GCTTGAA AAAGCAAGACCG-3'). The complementary primers used to
create AtsKEA2-E835K were as follows: AtsKEA2-E835K-For (5'-CTTG-
CAGAGACTGAATTCTCCTTG CAAGTTAAATCAGATATCGCTCC-3'), AtsKEA-
2-E835K-Rev (5'-GGAGCGATA TCTGATTTAACTTGCAAGGAGAATTCAGT-
CTCTGC-3'). Underlined letters indicate the changes in nucleotide
sequence, and bold letters the introduced silent restriction sites HindIII
(D721A) or EcoRI (E835K).
2.7. Puriﬁcation of AtsKEA2 protein by Ni2+ afﬁnity chromatography
The AtsKEA2 protein was puriﬁed from yeast strain AXT3 express-
ing the gene, essentially as described for the AtNHX1 protein [33]
with some modiﬁcations. Cells were grown in 5 L of APG medium to
an A660 nm of 1.0. Microsomal membranes were isolated as described
[33] after which the microsomal membrane fraction (5 ml, 10 mg
protein/ml in 100 mM Tris–HCl, pH 7.5, 20% glycerol, 0.1 mM DTT
and 0.1 mM EDTA) was mixed with 45 ml solubilization buffer
(50 mM KH2PO4, 500 mM NaCl, 10 mM imidazole–PO4, 20% glycerol,
0.5% n-dodecyl-β-D-maltoside, pH 6.5) supplemented with 200 μl of
protease inhibitor cocktail (Sigma) and incubated for 30 min at 4 °C
under gentle shaking. Unsolubilized material was removed by centrifu-
gation for 30 min at 37,000 rpm (Beckman 70Ti rotor). The supernatant
was mixed with 1 ml of Ni-NTA resin (Qiagen) and incubated overnight
at 4 °C. The resin was then poured into a polypropylene column and
washed with 16 and 4 ml of solubilization buffer with 10% glycerol and
0.075% n-dodecyl-β-D-maltoside containing 20 and 50 mM of imidazole,
respectively. Finally, bound protein was eluted slowly in 8×175 μl of
50 mM BTP-Mes pH 7.5, 200 mM imidazole (pH 7.4) and 20% glycerol
supplemented with 2 μg/ml pepstatin, 0.2 mM PMSF, 0.1 mM DTT and
0.1 mM EDTA. The puriﬁed protein that normally eluted in fractions 3,
4 and 5 was frozen in liquid nitrogen and stored at −80 °C, until use
for subsequent experiments.
2.8. Reconstitution of AtsKEA2 proteins and measurement of cation/H+
exchange in vitro
Reconstitution was performed by elimination of detergent using
Sephadex G-50 (ﬁne; Amersham Biosciences, Inc.) spin columns and Bio-
beads (SM-2; Bio-Rad) as previously described [33] using 5 μg of protein
and in the presence of ammonium sulfate. In order to encapsulate
pyranine during the reconstitution, it was essential to preload the G-50
spin column with 200 μl of 2.5 mM pyranine (BTP salt) in reconstitution
buffer, as the pyranine present in the liposome-protein-detergent mix-
ture was eliminated >99% in the top of the column. This shows that the
reconstitution takes place along the passage of the sample through the
column, allowing also an efﬁcient elimination of imidazole or traces of
KCl and NaCl in the protein sample. An inside acid pH gradient was creat-
ed by diluting the proteoliposomes 50 fold in (NH4)2SO4 free medium.
Cation/H+ exchange activity was monitored by measuring the rise in
ﬂuorescence of encapsulated pyranine in the presence of various
monovalent cations as previously described [33] To calibrate pyranineﬂuorescence with pH, proteoliposomes were diluted in the presence of
(NH4)2SO4 to avoid creation of a pH gradient and 1 μM gramicidin, after
which the medium was adjusted to different pH with NaOH or H2SO4.
A plot of pH vs. log((Rmax − R)/(R − Rmin)) yielded a straight line
with slope of 1 between pH 5 and 8.5, and pH could be estimated from
the ratio of pyranine ﬂuorescence according to equation pH=pKa´+
log((Rmax− R)/(R− Rmin)), in which R is the ratio of pyranine ﬂuores-
cence excited at 467/404 nm, Rmin the minimal ratio observed at acidic
pH and Rmax the maximal ratio observed at alkaline pH [34].
2.9. Isolation of intact vacuoles from yeast and transport assays
Intact vacuoles were isolated as described by Cagnac et al. [35]. In
vitro transport assays using intact vacuoles were performed as de-
scribed by Cagnac et al. [24].
2.10. Gel electrophoresis and immunoblotting
Membrane fractions or puriﬁed proteins were separated by SDS-
PAGE on 7.5% or 10% acrylamide using the system of Laemmli [36].
Immunoblotting was performed as described [37]. After protein elect-
rotransfer to a polyvinylidene diﬂuoride membrane (Pall Gelman),
the blot was incubated with a monoclonal antibody (1:5000) raised
against the V5 epitope (AbCam SV5-Pk1). Anti-mouse IgG-alkaline
phosphatase conjugate (Sigma) was used at a dilution of 1:10,000
to reveal the antigen-antibody reaction. Total proteins from yeast
were extracted as described in Cagnac et al. [35].
2.11. Fluorescence microscopy
A Nikon C-1 confocal laser scanning microscope was used to visu-
alize plant cells. GFP-tagged protein was detected using a standard
argon 488-nm laser excitation and a BA515/30 ﬁlter for emission. Au-
toﬂuorescence of chlorophyll was observed with a BA605/75 ﬁlter for
red emission. All confocal images were taken at 40× magniﬁcation. A
Nikon Eclipse 50i ﬂuorescent microscope was used to visualize yeast
cells. GFP and eYFP fused proteins were visualized by using B-2A ﬁlters
(excitation ﬁlter: 450–490 nm; dichromatic mirror cut-on wavelength:
500 nm; barrier ﬁlter wavelength: 515 nm longpass). All images were
taken at 100× magniﬁcation, with a Nikon DS-Fi1 CCD camera.
2.12. Protein determination
Protein was determined by the method of Bradford [38] with the
Bio-Rad protein assay reagent and bovine serum albumin as standard.
3. Results
3.1. Sequence analysis
The AtKEA2 protein shares 77% identity and 88% similarity to the
AtKEA1 protein suggesting they are a result of a recent gene duplication
and could have redundant functions. More variation is observed in the
N-terminal domain, indicating it might perform isoform-speciﬁc regu-
latory roles (Fig. 1). For both proteins, 10 transmembrane helices are
predicted in the complete sequence, while 13 transmembrane helices
are predicted in the E. coli KefB and KefC sequences (Fig. 1) [39].
Aligning KefC with AtKEA1 and AtKEA2 proteins indicates a most prob-
able number of 12 transmembrane helices, in accordancewith thenum-
ber determined from the crystal structure of the E. coli NhaA protein
(Fig. 1) [40]. A short negatively charged cytoplasmic regulatory loop
at positions 258–266 in KefC (sequence HALESDIEP) is also conserved
in plant sequences. This region is critical for the sensitivity of KefC to
GSH and GSH adducts (GSX) [41] and is proposed to interact with the
KTN domain [19,20]. The N-terminal region of the KTN domain, includ-
ing the typical glycine motif of the Rossman fold involved in NAD+
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bacterial sequences, while the C-terminal part of the domain that con-
tains most residues involved in GSH binding, notably starting from the
α6 helix that is exchanged between subunits in the bacterial proteins
is less conserved [19].
3.2. Cloning short and full-length AtKEA2
Recently, AtKEA2 is predicted to encode a protein of 1174 or 1185
amino acids (gene accessions AT4G00630.1 and AT4G00630.2) that
includes a soluble N-terminal domain of 571 amino acids, a Na–H do-
main of 376 amino acids, and a C-terminal KTN domain of 116 amino
acids. For many years, the N-terminal domain was thought to be a
separate gene and thus missed in initial gene annotation. The two
genes corresponding to the N-terminus and the conserved Na–H do-
main are now combined in locus At4g00630 to give the full-length
AtKEA2 sequence. A short version of the AtKEA2 cDNA sequence
(AtsKEA2) including the conserved Na-H domain was ampliﬁed
from Arabidopsis cDNA and cloned by in vivo cloning in yeast (J.M.
Ward, personal communication). We have detected the long AtKEA2
cDNA (Fig. S1) by PCR of Arabidopsis cDNA; however, attempts to di-
rectly clone the full-length cDNA or the DNA sequence coding the sol-
uble N-terminal domain alone (part 1) in a bacterial cloning vector
were unsuccessful. We therefore cloned the full-length AtKEA2 gene
by in vivo cloning in yeast strain BYa, fusing the N-terminal domain
(part1) DNA to the short AtKEA2 (AtsKEA2) sequence. Plasmids wereAtKEA2 M D F A S S V QR QS M F H G GA D F A S Y C L P N RM I S A K L C P K G L GG T R F WD P M I D S K V R S A I R S K
AtKEA1 M E Y A S T F QR P I L F H G GD G - A S Y C F P N R L I S - - - - P K G I S I T - - - - S - GD S K V H S C F R L R
EcKefC - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
AtKEA2 D R N L E F A E GS D D R E V T F S K E E K D T R E QD S A P S L E E L R D L L N K A T K E L E V A S L N S T M F E E
AtKEA1 D H R I - - G E S S E S S D E T E A T D L K D A R V E N D T D S L E E L K E L L H K A I K E L E V A R L N S T M F E E
EcKefC - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
AtKEA2 L E S L E A - - - E G Y N T - S E E S E V R D GV K D K E E A L L S A K A D I K E C Q E N L A S C E E Q L R R L QV K
AtKEA1 V E S L E A GA GN D I P H V S E E T E E T I D V N D K E E A L L A A K D D I K E C QV N L D N C E S Q L S A L L S K
EcKefC - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
AtKEA2 K T L F GS Q T Q E T T QGK V L D GK N T I V G E D E V L S - E I V D V S H QA E R - - - - - - D L V V V GV S S -
AtKEA1 K S L S I S Q T P E E T QGQ - L S D E E T S Q E D AM V L S GN V E D V T H QV E K E S P K D G D L P V V Q I T A E
EcKefC - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
AtKEA2 S S H N G T K T S L K K S S R F F P A S F F S S N GD G T A T V F E S L V E S A K QQWP K L I L G F T L L GA GV A
AtKEA1 S S L N S P K A S F N K S S R F F S A S F F S S N P D G T A T V F GS L V GS V K QQWP K L V L G L A L L GA G L T
EcKefC - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
AtKEA2 S L L D V L W L L L A S V I F V P L F QK I P GGS P V L G Y L A A G I L I GP Y G L S I I R N V H G T K A I A E F G
AtKEA1 S L F D F L W L L L A S V I F V P L F QK I P GGS P V L G Y L A A G I L I GP Y G L S I I R N V H G T R A I A E F G
EcKefC T L I QA L I Y L GS A A L I V P I A V R L G L GS - V L G Y L I A GC I I GP WG L R L V T D A E S I L H F A E I G
AtKEA2 A L S S T A V V L QV L Q E R G E S T S R H GR A T F S V L L F QD L A V V V L L I L I P L I S P N S S K GG I G F Q
AtKEA1 A L S S T A V V L QV L Q E R G E S T S R H GR A S F S V L L F QD L A V V V L L I L I P L I S P N S S K GG I G F Q
EcKefC A L S S T A I AM QAM N E R N L M V T QM GR S A F A V L L F QD I A A I P L V AM I P L L A T S S A S T T M G - -
AtKEA2 A G L S M A L GA F L A G L L L A E T E F S L QV E S D I A P Y R G L L L G L F F M T V GM S I D P K L L L A N F P L
AtKEA1 A G L S M A L GA F L A G L L L A E T E F S L QV E S D I A P Y R G L L L G L F F M T V GM S I D P K L L L S N F P V
EcKefC V G L S M AM GA F L A GV L L A S S E Y R H A L E S D I E P F K G L L L G L F F I GV GM S I D F G T L L E N P L R
AtKEA2 S S L L F L V V G I S M A L T P W L A A GGQ L I A S R F E L QD V R S L L P V E S E T D D L QGH I I I C G F GR I
AtKEA1 S S L L F L V V G I S M A I T P W L A A GGQ L I A S R F E L H D V R S L L P V E S E T D D L QGH I I I C G F GR V
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Fig. 1. Alignment of AtKEA 1, AtKEA2 and EcKefC. AtKEA1 (AT1G01790.1), AtKEA2 (AT4G00630
residues used to show chloroplast localization is indicated by a gray line above the sequence. Th
Residues D721 (cation binding) and E835 (regulation) corresponding to D166 and E278 of the AtsK
ends at I1174. The pfam00999Na–Hdomain andKTNdomains are labeledwith a black line. The R
glutathione binding in the KefC KTN structure are indicated by X. Predicted transmembrane hisolated from various yeast colonies and then inserted into bacteria
to facilitate their ampliﬁcation for further applications. Surprisingly,
after 2 days incubation only a limited number of ampicillin-resistant
colonies were obtained. The only clones recovered consistently con-
tained large deletions or insertions of bacterial DNA in the sequence
encoding the soluble N-terminal region. We encountered similar
problems in our attempts to clone the N-terminal domain (part1)
DNA region, while we could successfully re-amplify pYES and pYES-
AtsKEA2 using the same procedures (Fig. S2). As ampliﬁcation of
AtKEA2 in bacteria was not possible in our conditions, plasmids
were isolated from independent yeast colonies and sequenced. The
cDNA sequence corresponded to gene accession number At4G00630.1,
which is slightly shorter than At4G00630.2. Neither AtKEA2 nor the
sequence coding for the N-terminal domain (part 1) could be ampli-
ﬁed from the Lacroute [42] or Invitrogen A. thaliana cDNA library
(Fig. S1).
3.3. Expression and subcellular localization of AtKEA2 in Arabidopsis
We determined the presence of AtKEA2 transcripts by semi-
quantitative PCR in different organs. AtKEA2 is abundant in leaves,
stems and ﬂowers (Fig. 2A). AtKEA2 was not detected in roots
under our RT-PCR conditions (27 cycles), whereas a faint band was
observed after 40 cycles of ampliﬁcation (data not shown). The
N-terminal regions of AtKEA2 and AtKEA1 are predicted by ChloroP
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2366 MN. Aranda-Sicilia et al. / Biochimica et Biophysica Acta 1818 (2012) 2362–2371peptide (score 0.497 for AtKEA2, 0.501 for AtKEA1, http://www.cbs.
dtu.dk/services/ChloroP/; Fig. 1) [43]. As the full-length AtKEA2 pro-
tein could not be cloned in bacteria, due to toxicity, it was not possible
to generate an AtKEA2-GFP fusion protein for subcellular localization
in plants. Therefore, we generated a fusion of the ﬁrst 300 base pairs
of the N-terminus. In this fragment, the transit peptide is predicted
with the same probability and length as in the full‐length protein. In
Arabidopsis seedlings transformedwith this construct, GFP ﬂuorescence
is detected in cotyledons of distinct compartments that colocalizedwith
redﬂuorescence characteristic of chlorophyll (Fig. 2B). The results suggest
that the full length protein AtKEA2 ismost likely localized to chloroplasts.
Our resultswould complement several proteomic studies,whichdetected
AtKEA2 in the chloroplast inner envelope fraction [44–46].
3.4. Complementation in yeast
We ﬁrst tested whether AtKEA2 behaved similarly to AtCHX17 or
CHX20, as CHXs and KEAs are both classiﬁed within the CPA2 family. It
was shown before that disruption of KHA1 in a yeast strain with disrup-
tions in transport systems ena1–4, nha1 and nhx1 causes sensitivity to
alkaline pH in low K+ media [23] and that Arabidopsis CHX17 and
CHX20 can complement this sensitivity [9,14,15]. We expressed the
full-length AtKEA2 protein, as well as the short version lacking the
N-terminal soluble domain in yeast strain AXT4K, harbouring
disruptions in genes coding for Ena1-4p, Nha1p, Nhx1p and Kha1p
transporters. None of the AtKEA2 proteins could fully complement the
KHA1 disruption, although expression of AtsKEA2 marginally improved
growth at 5 mMKCl and pH 7.5 compared to the kha1Δ disrupted strain
(Fig. 3).
Next, we checked whether the AtKEA2 protein could complement
the disruption of NHX1, the only CPA1 protein in yeast. The most
characteristic feature of yeast Nhx1p is that it confers strong resis-
tance to hygromycin B, a phenotype that is related to the role of
Nhx1p in endosomal protein sorting and prevacuolar pH regulation
[8,47]. Expression of plant NHX isoforms complements this sensitivi-
ty. Furthermore, NHX1 disruption causes NaCl and KCl sensitivity, re-
lated to vacuolar or prevacuolar K+/Na+ accumulation. Surprisingly,
expression of AtsKEA2, but not the full-length protein complemented
the NaCl, KCl and hygromycin sensitivity of the NHX1 disruption
(Fig. 4). To ensure that lack of complementation by the full-length
protein was not caused by an expression defect, we tagged AtKEA2
at its C-terminus with a V5–6 epitope and a 6× histidine tag (V5-Fig. 2. AtKEA2 is expressed in aerial parts and localizes to chloroplasts in cotyledons. (A) E
from organs of 30 d plants and reverse-transcribed. AtKEA2 was ampliﬁed with 27 cycles. Ac
of Arabidopsis cotyledons. The ﬁrst 300 bp of AtKEA2 fused to eGFP was transiently expresse
of the same ﬁeld as (a); and (c) merged image of (a) and (b). Scale bar of 30 μm.H6). Both short and full-length AtKEA2 proteins were detected by im-
munoblotting (Fig. 5), indicating the proteins were expressed.
3.5. Transport activity of reconstituted AtsKEA2
A V5-H6 tag was inserted at the C-terminus of AtsKEA2 to enable its
detection and puriﬁcation. The tagged AtsKEA2 sequence complemen-
ted the hygromycin sensitivity of a yeast strain with disruption in the
NHX1 gene, indicating the fusion protein was functionally active
(Figs. 4 and 6). Although the AtsKEA2-V5-H6 polypeptide could be
detected in yeast vacuolar preparations by immuno-staining (Fig. 5),
we could not measure its activity in isolated vacuoles from strains ex-
pressing the tagged or untagged protein (Fig. S3), indicating that most
of the protein is not present at the main vacuole but perhaps at
prevacuolar compartment, similar to yeast Nhx1p [24]. As an alterna-
tive approach,we puriﬁed the short AtKEA2 protein byNi2+ afﬁnity pu-
riﬁcation from yeast microsomes. The tagged polypeptide was readily
detected using a monoclonal antibody raised against the V5 epitope in
microsomes of cells grown on galactose, expressing AtsKEA2, but not
in control microsomes from cells grown on glucose (data not shown).
The protein was puriﬁed as previously described [33]. However, due
to relatively low levels of expression, as well as low afﬁnity for the
Ni2+ column of theHis-tagged AtsKEA2protein, thewashing to remove
contaminating proteins from the Ni-NTA column could not be very
stringent, resulting in a partial puriﬁcation of the protein in the ﬁnal
eluted fractions (Fig. 7A). Nevertheless, a major band between 50 and
75 kDa markers was observed in the puriﬁed fractions that cross-
reacted with the monoclonal antibody (Fig. 7B).
The puriﬁed protein was reconstituted in liposomes containing
the pH indicator pyranine. After creating an inside acid pH gradient,
the effect of monovalent cations to dissipate the pH gradient was
assayed (Fig. 8A). Addition of K+ or Cs+ caused internal alkaliniza-
tion. Less alkalinization was observed in the presence of Na+ or Li+.
As compared to results previously obtained with NHX proteins, the
exchange reaction was rather inefﬁcient, probably due to low protein
yield of the puriﬁcation [33,48]. These results suggested AtsKEA2
transported K+ and Cs+ preferentially relative to Na+ or Li+.
3.6. Mutagenesis of D721 and E835 inactivated AtsKEA2
To verify whether the exchange activity was speciﬁcally due to
AtsKEA2 protein, two point mutations were introduced in the shortxpression of AtKEA2 determined by semi-quantitative RT-PCR. Total RNA was isolated
tin 2 gene was ampliﬁed as a loading control. (B) Localization of AtKEA2 to chloroplasts
d in seedlings. (a) GFP ﬂuorescence from a cotyledon; (b) chlorophyll autoﬂuorescence
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Fig. 3. AtKEA2 does not restore growth at alkaline pH and low K+ in KHA1 disrupted strains. AtKEA2 and AtsKEA2 were introduced in yeast shuttle vector pYES-DEST52 as described
under “Experimental Procedures”. Each construct was introduced in mutant strain AXT4K (ena1-4Δ, nha1Δ, nhx1Δ, kha1Δ). Each strain was grown and serial dilutions were made as
described. Five microliters of each dilution were spotted onto APG medium at different pH without additional K+ (A) or APG medium at pH 7.5 with the indicated KCl concentra-
tions (B). As a positive control, strain AXT3 (ena1-4Δ, nha1Δ, nhx1Δ, ΚHA1) was used. Plates were incubated at 30 °C for 2–5 days. Only strain AXT3 harbouring the endogenous
KHA1 gene is able to grow at alkaline pH and low K+ concentrations.
2367MN. Aranda-Sicilia et al. / Biochimica et Biophysica Acta 1818 (2012) 2362–2371AtKEA2 sequence. First, we mutated an aspartate in transmembrane
span 6, corresponding to D721 in the full-length AtKEA2 sequence
(Fig. 1), to alanine. Alignments showed that this residue corresponds
to D164 in E. coli NhaA sequence, which was shown to be involved in
cation binding and transport [49]. Mutation of this conserved Asp res-
idue thus would most likely inactivate the protein. Secondly, we mu-
tated a glutamate corresponding to E835 in the full-length sequence
(Fig. 1) close to the predicted TM helix 9. This glutamate is homolo-
gous to E. coli KefC E262. In KefC E262 is located in a short regulatory
loop, partially conserved in the AtKEA2 sequence (Fig. 1). Mutation
of this residue in KefC results in a constitutively activated protein in-
dependent of regulation by glutathione [41]. The possibility thus
existed that mutation would yield a more active AtKEA2 protein. Ex-
pression of either AtsKEA2-D721A or AtsKEA2-E835K in nhx1Δ
strains failed to rescue the hygromycin sensitivity, indicating that
both proteins were inactive (Fig. 6). The proteins could be expressed
and puriﬁed with similar efﬁciency as the wild-type protein (Fig. 7C,
D). After reconstitution in liposomes, antiport activity was however0 50
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Fig. 4. AtsKEA2 but not full-length AtKEA2 complements NHX1 disruption. AtKEA2 and At
nhx1Δ), as described for Fig. 3, and spotted on YPG medium supplemented with the indica
nha1Δ, NHX1) was used as a positive control. AtsKEA2 but not full-length AtKEA2 complemnot detected (Fig. 8), supporting the idea that both D721 and E835 res-
idues were essential to transport.3.7. Transport mode of AtKEA2
The E. coli KefC protein was suggested to have a channel-like
transport activity [17]. However, recent results indicated that the
KefC functions as an electroneutral cation/H+ antiporter [22]. In the
case of channel‐like activity, vesicular alkalinization in response to
addition of K+ is the result of the electrical coupling of K+ and H+
ﬂuxes, with the rate of proton transport limited by the proton perme-
ability of the membrane. In that case, addition of a protonophore is
expected to enhance the rate of K+/H+ exchange. We therefore test-
ed the antiport activity in the presence of the protonophore FCCP. We
only observed very small variations in alkalinization even at very high
FCCP concentrations up to 10 μM FCCP, indicating that the AtKEA2
protein catalyzes electroneutral K+/H+ exchange (Fig. 8D).control (NHX1)
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Fig. 5. Immunodetection of V5-tagged AtKEA2 protein. (A) AtKEA2 in yeast extract. Total proteins were isolated from the strain BYa nhx1Δ transformed with empty plasmid as neg-
ative control (1), pYES-AtKEA2-V5-6xHis (2) or pYES-AtsKEA2-V5-6xHis (3) and separated by SDS-Gel electrophoresis on a 7.5% acrylamide gel. (B) AtKEA2 in yeast vacuolar mem-
brane. Vacuoles were isolated from strain OC05 (vnx1Δ, vcx1Δ, nhx1Δ) [24] transformed with integrative vector pRS306-Gal1-AtsKEA2-V5-6xHis grown on glucose as negative
control (3) or galactose (4) as described in experimental procedures, and proteins were separated by SDS-gel electrophoresis on a 10% acrylamide gel. As a positive control, AtsKEA2
protein puriﬁed as described in experimental procedures was run in lane 1. After electro-transfer, protein was detected with a monoclonal antibody against the V5 epitope.
B)A) Protein anti-V5 blot
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4.1. AtKEA2 protein behaves like a cation/proton antiporter
A gene family encoding homologs of E. coli KefC is conserved in
plants from unicellular chlorophytes to embryophytes; however, the
biological functions of plant KEA homologs are not known. In this
paper we provide the ﬁrst in vitro evidence that a plant KEA protein,
AtKEA2, mediates monovalent cation/proton exchange. It is important
to point out that the functionally active AtsKEA2 we characterized isHygromycin ( g/ml)
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Fig. 6. Residues D721 and E835 are essential for AtsKEA2 activity. AtsKEA2 mutants and
fusion proteins in vector pYES-DEST52 were expressed in yeast strain AXT3 (ena1–4Δ,
nha1Δ, nhx1Δ), and sensitivity to hygromycin and KCl was assayed as described for
Figs. 3 and 4. (A) Strains expressing AtsKEA2 with a C-terminal V5-H6 epitope comple-
ment hygromycin sensitivity of nhx1Δ. (B) Strains expressing AtsKEA2 mutated at
D721A and E835K failed to complement hygromycin or KCl sensitivity.truncated and not full-length; though it includes the entire conserved
Na/H antiport domain found in all CPA proteins as shown by multiple
alignment with bacterial KefC-like homologs and other eukaryote
CPA2 homologs [3]. At presentwe do not knowwhy the full-length pro-
tein is inactive. We suggest that the N-terminal region has a regulatory
or auto-inhibitory role as seen before with Ca2+/H+ antiporter, CAX1
[50] and Ca2+ pumping ATPase, ACA2 [51]. In those examples, the2 3 4 5 6 2 3 4 5 6
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Fig. 7. Wild-type or mutated AtsKEA2 is synthesized and can be partially puriﬁed. Mi-
crosomal membranes of yeast cells expressing wild-type AtsKEA2-V5-H6 (A and B) or
mutated proteins AtsKEA2-D721A and E835K (C and D) were solubilized after which
total proteins were bound to Ni-NTA and washed as described under experimental pro-
cedures. In A and B, 5 μl of the eluted fractions 2–6 containing the puriﬁed proteins
were subjected to SDS-PAGE on a 10% acrylamide gel (lanes 2–6). The gel was stained
with SYPRO-Ruby protein gel stain, or used for western blot analysis using a monoclo-
nal antibody against the V5 epitope. In C and D, only the eluted fraction used for sub-
sequent reconstitution experiments is shown.
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Fig. 8. pH gradient-dependent cation transport in reconstituted AtsKEA2V5-H6 but not in mutated protein. AtsKEA2-V5-H6 and mutant proteins were puriﬁed and reconstituted in
liposomes containing pyranine as described in experimental procedures. An acid inside pH gradient was created in proteoliposomes by ammonium sulfate dilution as described in
experimental procedures. Sulfate salts of the indicated cations at 100 mM were added (arrow) to start the reaction. The ﬂuorescence signal was calibrated with pH as described in
experimental procedures. (A) Liposomes with AtsKEA2. K+ and Cs+ caused the largest ﬂuorescence change relative to Li+ and Na+. The organic cation TMA+ had little or no effect.
(B, C) Liposomes reconstituted with mutated proteins D721A or E835K. Addition of cations caused no change in rate of alkalinization. (D) Effect of FCCP on AtsKEA2 activity. K2SO4
at 50 mM was added (arrow) to liposomes containing AtsKEA2 in the presence or absence of the protonophore FCCP. Final [FCCP] was 1, 5 or 10 μM. The vesicular alkalinization is
not enhanced by the addition of the protonophore, indicative of directly coupled electroneutral exchange.
2369MN. Aranda-Sicilia et al. / Biochimica et Biophysica Acta 1818 (2012) 2362–2371transport properties of CAX1 or ACA2 were revealed from studies using
the truncated and active proteins [50,51], as the N-terminal hydrophilic
region acted in an autoinhibitorymanner. Herewe emphasize that even
though AtsKEA2 lacks its N-terminal domain, the fundamental proper-
ties of the transporter is very likely retained in the short protein for the
following reasons. Firstly, the short AtKEA2 includes the entire con-
served Pfam domain of cation/H+ exchanger and all the transmem-
brane spans predicted for members of the KEA family. Secondly,
homologs in E. coli, KefB or KefC, are active K+ efﬂux transporters that
do not have a long N-terminal domain. Our results of AtsKEA2 expressed
in yeast or reconstituted in liposomes would support this idea.
4.2. AtsKEA2 is an electroneutral K+/H+ antiporter
We tested the cation speciﬁcity and mode of transport activity
using the puriﬁed and reconstituted AtsKEA2 protein. We observed
more alkalinization of liposomes in the presence of K+ or Cs+, than
by Li+ or Na+, suggesting the cation transported by AtsKEA2 is K+
in exchange with H+. We had previously reported that AtNHX1
showed high exchange activity in the presence of Na+ or K+,
followed by lower activities in the presence of Li+ and Cs+, while
LeNHX2 showed high exchange activity in the presence of K+, inter-
mediate activity with Na+, andmuch lower activity in the presence of
Li+ and Cs+ [33,48]. Therefore, the cation speciﬁcity of AtsKEA2 is
clearly different, and indicates it functions as a K+ transporter in vivo.
The cation speciﬁcity of AtsKEA2 is similar to what was reported for
the bacterial KefC transporter in the presence of activating protein
KefF, which had relatively broad substrate speciﬁcity in the order
Rb+=K+>Li+>Na+ [22]. The overall activity for AtsKEA2 is relativelylow, compared to that of NHX proteins. This could be due to the absence
of regulatory proteins, as in the case of the E. coliKefCprotein.Most like-
ly, however, the low activity is due to the low protein recovered due to
reconstitution of partially-puriﬁed protein preparation. As a conse-
quence, many lipid vesicles do not contain the antiporter protein, lead-
ing to an underestimation of ΔpH. Based on the ﬁnal ﬂuorescence
intensity obtained after K+ addition in the absence (only antiporter
containing vesicles alkalinize) or presence of nigericin (all vesicles alka-
linize), we estimated that approximately 10–20% of vesicles contained
active antiporter protein, compared to 50–60% in the case of the NHX
proteins (data not shown) [33]. Correction for this discrepancy yields
similar exchange activity for AtsKEA2 or NHX proteins.
We veriﬁed that the observed cation exchange activity in
proteoliposomes was dependent on the AtsKEA2 protein by testing mu-
tants. We constructed a mutant protein AtsKEA2-D721A, which removes
the conserved D721 residue that is predicted to be the cation or H+ bind-
ing site based on alignments (Fig. 1) [49]. The mutated protein could be
puriﬁedwith similar recovery as the wild type protein, but after reconsti-
tution we could no longer detect cation/H+ exchange.
We tested themode of K+ transportmediated by AtsKEA2. Based on
patch-clamp studies and rates of K+ efﬂux, KefC transporter was previ-
ously suggested to operate as a K+ channel [17]. In vitro, antiport activ-
ity by KefC was dependent on KefF, but the electrogenicity of the
reaction was not studied, leaving open the possibility that in these as-
says H+ efﬂux was electrically coupled to K+ inﬂux in a channel-like
mechanism [22]. Also in vivo, KefC canmediate K+ efﬂux in the absence
of KefF, indicatingKefC could have channel like activity in the absence of
KefF [22]. To testwhether AtsKEA2 functions as electrogenic K+ channel
or electroneutral K+/H+ antiporter, we assayed alkalinization of
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inﬂux could be electrically coupled to H+ efﬂux, depending on the rela-
tive membrane permeability to other charged species, such as SO42- and
relatively impermeant buffers. Therefore, electrogenic K+ inﬂux via a
K+ channel would be limited by electrogenic H+ efﬂux and SO42− inﬂux
across the lipid bilayer, and determined by the relative conductance of
themembrane to these ionic species. In the presence of a protonophore,
H+ transport across the lipid bilayer is no longer limiting and would re-
sult in increased K+/H+ exchange. This can be illustrated artiﬁcially
using liposomes where K+/H+ exchange induced by the K+ ionophore,
valinomycin, is strongly increased in our experimental conditions by the
presence of FCCP, while K+/H+ exchange catalyzed by the electro-
neutral exchanger, nigericin, is insensitive to the addition of the
protonophore FCCP (Fig. S4). We did not observe signiﬁcant differences
in alkalinization of proteoliposome with AtsKEA2 upon addition of
FCCP. Therefore, we propose that the observed alkalization upon addi-
tion of K+ is most likely due to a direct coupling of K+ to H+ ﬂux by
an electro-neutral antiport mechanism.
4.3. Regulatory mechanisms for AtKEA2 differ from bacterial KefC
transporters
The relatively low activity of the AtsKEA2 protein could be due to
absence of unknown regulatory compounds. Therefore we tried to
construct a more active version of the AtsKEA2 protein, based on
data available for the KefC protein. In KefC, E262 is located in a short
regulatory loop HALESDIEP (Fig. 1). This region was shown to be in-
volved in regulation of gating by glutathione, via a direct interaction
with the C-terminal part of the KTN domain [20,41]. Mutation
E262K results in spontaneous K+ leak in the absence of GSH. The reg-
ulatory loop is partially conserved in the plant AtKEA2 sequence
(Fig. 1). We thus tested if mutation of the corresponding residue in
AtsKEA2, E835K, would yield a more active protein. Both yeast com-
plementation studies and in vitro activity measurements however in-
dicated that the mutated plant protein is devoid of activity. These
data indicate that plant AtsKEA2 is not regulated in the same way as
the bacterial KefC transporter. Indeed, the C-terminal part of the
KTN domain is poorly conserved between the plant and bacterial
antiporters (Fig. 1). It is this part of the domain that was shown to
be involved in glutathione binding in KefC [20]
4.4. The catalytic domain of AtKEA2 is functionally similar to NHX
As AtKEA2 clusters with the CPA2 superfamily, it is surprising that
AtsKEA2 in yeast behaves like NHX1, a member of the CPA1 family.
Predicted cation transporters were classiﬁed as two separate families,
CPA1 and CPA2, according to the extent of amino acid sequence ho-
mology [52]; however, the functional distinction between KEA and
NHX is less clear. In yeast the CPA2 protein Kha1 is a Golgi localized
protein. Disruption of the gene results in sensitivity to alkaline pH at
low K+ concentrations [23]. The CPA1 protein Nhx1 however is localized
in prevacuolar compartments, and disruption causes hygromycin, NaCl
and KCl sensitivity [53]. Based on our ﬁndings using yeast as the heterol-
ogous host cell, AtsKEA2 resembles intracellular Nhx1 of the CPA1 family
more closely than Kha1 of the CPA2 family (Figs. 3 and 4), as AtsKEA2
complements NHX1 disruption phenotypes, but not KHA1 disruption
phenototypes. These results suggest that AtsKEA2 has similar transport
activity compared to NHX and that yeast complementation may not de-
pend on fundamental differences between CPA1 or CPA2 transporters
alone, but rather on the subcellular location of the antiporters. We local-
ized AtsKEA2-GFP to intracellular compartments of leaf protoplast (not
shown) after transient expression, similar to the prevacuolar localization
of yeast NHX1. Due to its localization in prevacuolar compartments, yeast
NHXactivity cannot bedetermined in isolated vacuoles [24,35]. Although
the AtsKEA2 protein was detected by immunoblotting in isolated vacuo-
lar fractions of yeast (Fig. 5), we could not detect AtsKEA2 antiporteractivity in isolated vacuoles, indicating it is localized perhaps also in
prevacuolar compartments and present in the vacuolar fraction as a con-
taminating protein. Alternatively, kinetical properties of AtsKEA2 might
not be compatible with K+ uptake in vacuoles, although electroneutral
K+/H+ exchangers could also be fully reversible. In yeast, we could not
determine localization of short AtKEA2 fused to GFP. Short AtKEA2
proteins with C-terminal GFP tags failed to complement the NHX1
disruption and were mislocalized to the ER membrane (Fig. S5), while
no ﬂuorescence or expression was observed for short AtKEA2 with
N-terminal GFP tag.
4.5. Function of plastid AtKEA2
Bioinformatic predictions and proteomic studies had hinted at a
plastid localization of AtKEA1, KEA2, or KEA3: (i) AtKEA1 or AtKEA2
is predicted to have an organellar targeting sequence, speciﬁcally a
chloroplast transit peptide (see http://www.cbs.dtu.dk/services/
ChloroP/); (ii) phylogenetic studies showed that genes encoding
AtKEA1–3 type homologs are found in a variety of photosynthetic or-
ganisms, ranging from cyanobacteria, green plants, red algae to second-
ary endosymbionts [3]; and (iii) AtKEA1–3 proteins were previously
detected in proteomic studies of the chloroplast inner envelope,
[44–46]. The expression pattern determined in this study of AtKEA2
in aerial parts, but not in roots, as well as the targeting of an N-
terminus-GFP fusion protein to chloroplasts in Arabidopsis cotyledons
would conﬁrm AtKEA2 as a genuine chloroplast protein.
Chloroplast localization and electroneutral K+/H+ activity suggest
that AtKEA2 and its plant homologs may be important for monovalent
cation and pH homeostasis of plastids. Potassium plays an important
role in chloroplast electrical balance. Light induced proton pumping
into the thylakoid lumen is electrically compensated by K+ efﬂux
from the thylakoids [54]. Maintenance of K+ and H+ homeostasis in
the stroma was shown to depend on proton coupled K+ efﬂux at the
inner envelope membrane [55]. Photosynthesis reactions are further-
more sensitive to the chloroplast volume changes that can be induced
by light, osmotic stress or water deﬁcit, and chloroplasts rapidly regu-
late osmotic potential by exchange of organic solutes and K+ [56-58].
Possibly, the AtKEA2 N-terminus can sense chloroplast volume changes
through interaction of the coiled coil regions with membranes or other
structural elements resulting in regulation of antiporter activity.
5. Conclusions
Here we have shown that KEA2 from Arabidopsis constitutes a
chloroplast alkali cation/proton antiporter. A partially puriﬁed and
reconstituted short version of the antiporter, lacking the N-terminal
domain was shown to mediate K+/H+ exchange. This ﬁrst functional
study of a KEA gene from plants suggests that AtKEA2 is involved in
K+ and pH homeostasis of chloroplasts or plastids.
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